Deletion of CD4 and CD8 Coreceptors Permits Generation of αβT Cells that Recognize Antigens Independently of the MHC  by Van Laethem, François et al.
Immunity
ArticleDeletion of CD4 and CD8 Coreceptors Permits
Generation of abT Cells that Recognize
Antigens Independently of the MHC
Franc¸ois Van Laethem,1 Sophia D. Sarafova,1,3 Jung-Hyun Park,1 Xuguang Tai,1 Leonid Pobezinsky,1
Terry I. Guinter,1 Stanley Adoro,1 Anthony Adams,1 Susan O. Sharrow,1 Lionel Feigenbaum,2 and Alfred Singer1,*
1Experimental Immunology Branch, National Cancer Institute, National Institutes of Health, Bethesda, MD 20892, USA
2Science Applications International Corporation-Frederick, NCI-Frederick Cancer Research and Development Center, Frederick,
MD 21702, USA
3Present address: Biology Department, Davidson College, Davidson, NC 28035, USA.
*Correspondence: singera@nih.gov
DOI 10.1016/j.immuni.2007.10.007SUMMARY
The thymus generates major histocompatibility
complex (MHC)-restricted abT cells that only
recognize antigenic ligands in association with
MHC or MHC-like molecules. We hypothesized
that MHC specificity might be imposed on
a broader abTCR repertoire during thymic se-
lection by CD4 and CD8 coreceptors that bind
and effectively sequester the tyrosine kinase
Lck, thereby preventing T cell receptor (TCR)
signaling by non-MHC ligands that do not
engage either coreceptor. This hypothesis pre-
dicts that, in coreceptor-deficient mice, ab
thymocytes would be signaled by non-MHC
ligands to differentiate into abT cells lacking
MHC specificity. We now report that MHC-
independent abT cells were indeed generated
in mice deficient in both coreceptors as well
as MHC (‘‘quad-deficient’’ mice) and that such
mice contained a diverse abT cell repertoire
whose MHC independence was confirmed at
the clonal level. We conclude that CD4 and
CD8 coreceptors impose MHC specificity on
a broader abTCR repertoire during thymic se-
lection by preventing thymocytes from being
signaled by non-MHC ligands.
INTRODUCTION
T cells bearing ab T cell receptors (TCRs) recognize anti-
genic peptides bound to transmembrane proteins en-
coded by the major histocompatibility complex (MHC)
(Davis and Bjorkman, 1988). The limited specificity of
abTCR for MHC-dependent antigens is central to T cell
function because it focuses T cell recognition on mem-
brane-bound ligands and promotes interaction of T cells
with other cells. During development in the thymus,
abTCR are first expressed on immature CD4+8+ (doubleImpositive [DP]) thymocytes, most of which die either be-
cause they are not signaled or because they are signaled
too strongly by their TCRs (Starr et al., 2003). Only DP thy-
mocytes signaled weakly by their abTCRs survive to com-
plete their differentiation into mature abT cells, a process
referred to as ‘‘positive selection.’’ Positively selected thy-
mocytes never express abTCRs capable of recognizing
antigenic ligands independently of MHC because most
abT cells recognize complexes of peptides plus MHC,
and a few (i.e., NK T cells) recognize complexes of lipids
and nonclassical MHC-Ib molecules (Bendelac et al.,
2007).
It is not understood why abT cells do not express MHC-
independent TCRs. It is possible that MHC specificity is
genetically encoded in the germline so that TCR-gene re-
arrangements preferentially generate abTCR with speci-
ficity for MHC (Huseby et al., 2005; Merkenschlager
et al., 1997; Zerrahn et al., 1997), although it has been es-
timated that TCR-gene rearrangements can generate
1015 different TCRs (Davis and Bjorkman, 1988). Alterna-
tively, it is possible that TCR-gene rearrangements gener-
ate abTCRs with multiple specificities, but only those with
MHC specificity survive thymic selection.
We undertook the present study to assess the possibil-
ity that MHC specificity is imposed on developing ab-
thymocytes during thymic selection. To understand how
MHC specificity might be imposed on a broader abTCR
repertoire, we considered the role of CD4 and CD8
coreceptors in TCR signaling. The extracellular domains
of CD4 and CD8 coreceptors bind to MHC (Doyle and
Strominger, 1987; Norment et al., 1988), whereas their
cytosolic domains bind to Lck (Marth et al., 1986), a nonre-
ceptor protein tyrosine kinase that initiates TCR signaling
in both immature thymocytes and mature T cells (Rudd
et al., 1988; Veillette et al., 1988). Lck is a cytosolic protein
that becomes membrane associated as a result of fatty-
acid modifications to its amino terminus (Paige et al.,
1993), after which it can bind to the cytosolic tails of trans-
membrane CD4 andCD8 coreceptors (Turner et al., 1990).
As a result, the inner leaf of the T cell plasma membrane
contains varying amounts of coreceptor-bound Lck and
coreceptor-unbound Lck (which we simply refer to asmunity 27, 735–750, November 2007 ª2007 Elsevier Inc. 735
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Thymic Selection of the abT Cell Repertoire‘‘free’’ Lck) (Turner et al., 1990; Veillette et al., 1989a; Veil-
lette et al., 1989b). Coreceptor-dependent TCR signaling
requires simultaneous engagement of peptide-MHC
(pMHC) antigenic complexes by TCR with either CD4 or
CD8 coreceptors (Emmrich et al., 1986), causing the intra-
cellular juxtaposition of coreceptor-bound Lck with TCR
signaling motifs and thus initiating TCR signaling (Abra-
ham et al., 1991; Kersh et al., 1998; Li et al., 2004; Veillette
et al., 1989b). Importantly, because the extracellular do-
mains of CD4 and CD8 coreceptors bind to MHC, core-
ceptor-dependent TCR signaling is necessarily MHC
dependent. In contrast, coreceptor-independent TCR sig-
naling is presumably mediated by ‘‘free’’ Lck that is pas-
sively captured within ligand-induced TCR aggregates,
so its ligand specificity is determined only by the TCR
itself. Much more is currently known about coreceptor-
dependent TCR signaling than about coreceptor-inde-
pendent TCR signaling. Notably, Julius and colleagues
reported 15 years ago that binding of Lck byCD4 corecep-
tors specifically impaired coreceptor-independent TCR
signaling in a T cell clone by sequestering Lck and making
it unavailable to the TCR unless CD4 was coengaged
(Haughn et al., 1992).
Because coreceptor-independent TCR signaling has
the potential to be MHC independent, the present study
focused on coreceptor-independent TCR signaling in
developing thymocytes and mature T cells. This study
reveals that, unlike coreceptor-expressing thymocytes,
coreceptor-deficient thymocytes do not require MHC
recognition to be signaled in the thymus. Moreover, this
study demonstrates that signaled coreceptor-deficient
thymocytes differentiate into mature abT cells that can
recognize antigenic ligands independently of MHC. The
specificity and reactivity potential of such MHC-indepen-
dent abT cells are characterized, and the impact of CD4
and CD8 coreceptors on TCR signaling, repertoire selec-
tion, and self-tolerance is assessed.
RESULTS
Effect of Lck Sequestration on Coreceptor-
Independent TCR Signaling
We began by assessing the potential impact of intra-
cellular coreceptor-Lck associations on coreceptor-inde-
pendent TCR signaling in mature T cells. To do so, we
constructed transgenes encodingCD4molecules with dif-
ferent Lck-binding capabilities and named them accord-
ing to the origins of their extracellular, transmembrane,
and cytosolic domains (Figure 1A). To express the differ-
ent CD4 transgenic coreceptor molecules in otherwise
identical T cells, we introduced the CD4 transgenes into
AND TCR transgenic mice (Kaye et al., 1989) that were
additionally B2m/Cd4/H-2b so that all T cells in
each transgenic line expressed the AND TCR, had been
selected by I-Ab, and expressed only transgenic CD4 cor-
eceptor molecules (Figure S1 in the Supplemental Data
available online). The AND TCR transgene encodes
a Va11Vb3 TCR that is positively selected by I-Ab and736 Immunity 27, 735–750, November 2007 ª2007 Elsevier Increcognizes pigeon cytochrome c (PCC) peptide presented
by I-Ek (Kaye et al., 1989). Lymph node T cells from the
different CD4 transgenic mice contained comparable
amounts of total Lck but differed in the amount of CD4-
associated Lck each contained (Figure 1B), with the CD4
transgenes forming the expected Lck binding hierarchy
of 444 > 4AA >> 4BB, 44T. We then assessed the impact
of intracellular CD4-Lck associations on signaling by the
AND TCR in three different assays of TCR signaling:
calciummobilization, CD69 upregulation, and T cell prolif-
eration.
To stimulate coreceptor-independent TCR signals, we
utilized TCRb mAb to directly crosslink the AND TCR. All
three assays of TCR signaling revealed that coreceptor-in-
dependent TCR signaling was lowest in 444 T cells with
the most CD4-bound Lck and was markedly greater in
4AA, 4BB, and 44T T cells, which contained little or no
CD4-bound Lck (Figures 1C and 1D). These results dem-
onstrated that coreceptor-independent TCR signaling
was inversely related to the amount of coreceptor-bound
Lck. Consequently, to put it more directly, these results
demonstrated that coreceptor-independent TCR signal-
ing was directly related to the amount of coreceptor-un-
bound (i.e., ‘‘free’’) Lck each T cell contained.
We reasoned that cocrosslinking TCR and CD4 to-
gether should make both ‘‘free’’ and CD4-bound Lck
available to the AND TCR. Consequently, in T cells con-
taining CD4-bound Lck, cocrosslinking TCR and CD4 to-
gether should stimulate greater TCR signaling than TCR
crosslinking alone. In T cells with CD4 coreceptors that
do not bind Lck, cocrosslinking TCR and CD4 together
should be equivalent to crosslinking TCR alone. In fact,
cocrosslinking TCR and CD4 together with anti-TCR and
anti-CD4 mAbs did increase TCR signaling relative to
anti-TCR crosslinking alone but only in 444 T cells and
4AA T cells that contained CD4-bound Lck (Figure 1C,
compare left and right panels). In 44T and 4BB T cells
whose CD4 molecules did not bind Lck, anti-TCR and
CD4 cocrosslinking did not increase TCR signaling relative
to anti-TCR crosslinking alone (Figure 1C, compare left
and right panels). Surprisingly, we observed that overall
responsiveness to anti-TCR and CD4 cocrosslinking was
nearly identical in all AND T cells, regardless of whether
their CD4 coreceptors bound Lck or not (Figure 1C, right).
Precisely the same outcome was also observed when we
used antigenic stimulation to induce TCR and CD4 coen-
gagements because graded doses of PCC+ antigen-pre-
senting cells (APCs) stimulated virtually identical CD69 up-
regulation and stimulated virtually identical proliferative
responses in AND T cells, regardless of the Lck-binding
ability of their CD4 coreceptors (Figure 1D and Figure S2).
In other words, coreceptor-Lck associations did not
improve antigen-specific signaling by the AND TCR.
We conclude that the major effect of coreceptor-
Lck associations on signaling by the AND TCR is not en-
hancement of antigen-specific TCR responses but rather
impairment of coreceptor-independent TCR signaling,
a concept that was proposed previously (Haughn et al.,
1992)..
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(A) CD4 transgenic constructs are schematically depicted by their extracellular, transmembrane, and cytoplasmic domains.
(B) Quantitation of CD4-Lck associations in CD4-transgenic mice. CD4+ LNT cells were solubilized in 1% NP40, immunoprecipitated with anti-CD4,
resolved by SDS-PAGE under reducing conditions, and blotted with Lck antibody. Lck band intensities fromwild-type 444 T cells were set to 1.0. HC,
Ig heavy chain. Data are representative of three independent experiments.
(C) TCR induced calcium fluxes. LN cells were loaded with Indo-1 and coated with biotinylated TCRmAbs (5 mg/ml) alone or together with biotinylated
CD4 mAbs (1 mg/ml). Crosslinking was induced by avidin as indicated by the arrows. Data are representative of five independent experiments.
(D) TCR induced CD69 upregulation and proliferation. LN cells were stimulated with either anti-TCRb or PCC+ I-Ek (B10.A APC). After 16 hr, surface
CD69 expression was quantitated in linear fluorescence units (FUs) (upper panels). After 72 hr, LN cells that had been CFSE labeled were analyzed by
multicolor flow cytometry (Figure S2) and the fraction of CD4+ T cells that had divided at least once is displayed (lower panels). Background values
without stimulation were subtracted from each group. Data are representative of four independent experiments.Coreceptor-Independent TCR Signaling
in Immature Thymocytes
To understand the significance of coreceptor-indepen-
dent TCR signaling and its impairment by coreceptorIbinding of Lck, we considered the ligands that would
stimulate coreceptor-independent TCR signaling versus
the ligands that would stimulate coreceptor-dependent
TCR signaling. In theory, coreceptor-independent TCRmmunity 27, 735–750, November 2007 ª2007 Elsevier Inc. 737
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might bind. In contrast coreceptor-dependent TCR signal-
ing would be constrained by the specificity of CD4 and
CD8 coreceptors for MHC, so that coreceptor-dependent
TCR signaling could only be stimulated by MHC-asso-
ciated ligands. That is, TCR engagement of non-MHC
ligandswould stimulate coreceptor-independent TCR sig-
naling, whereas TCR engagement of MHC-associated
ligands would primarily stimulate coreceptor-dependent
TCR signaling. Consequently, coreceptor-Lck associa-
tions would specifically impair coreceptor-independent
TCR signaling by non-MHC ligands but would promote
coreceptor-dependent TCR signaling byMHC-associated
ligands. Such effects of coreceptor-Lck associations on
TCR signaling would probably be exacerbated in imma-
ture DP thymocytes because DP thymocytes, unlike ma-
ture T cells, express high amounts of both CD4 and CD8
coreceptors with the result that DP thymocytes have little,
if any, ‘‘free’’ Lck available to their TCR (Wiest et al., 1996).
In fact, we have previously reported that coreceptor-inde-
pendent TCR signals cannot be generated in freshly
isolated DP thymocytes (Wiest et al., 1996).
We now considered whether preselection thymocytes
might be made competent to generate coreceptor-inde-
pendent TCR signals by genetically deleting expression
of both coreceptors because absent CD4 and CD8
expression would increase ‘‘free’’ Lck in immature thymo-
cytes. To test this possibility, we generatedCd4/Cd8/
mice and assessed TCR signaling in immature thymo-
cytes by calcium mobilization (Figure 2 and Figure S3).
In this experiment, immature thymocytes were identified
as CD69 cells because CD4 and CD8 expression could
not be used (Figure 2 and Figure S3). We found that imma-
ture CD69 thymocytes from Cd4/Cd8/ mice did
generate coreceptor-independent TCR signals because
they responded briskly to TCR crosslinking by all doses
of anti-TCR mAb used (Figure 2, left). In contrast, imma-
ture CD69 thymocytes from wild-type B6 mice did not
signal in response to any dose of anti-TCR mAb (Figure 2,
left). Notably, B6 and Cd4/Cd8/ mice did respond
identically to stimulation with anti-TCR and anti-corecep-
tor (anti-CD4 and anti-CD8) mAbs and, as a control, to
stimulation with ionomycin (Figure 2, right).
Thus, this experiment demonstrates that immature
thymocytes are prevented by CD4 and CD8 coreceptors
from generating coreceptor-independent TCR signals
and can only generate coreceptor-dependent TCR sig-
nals, a constraint removed by coreceptor deletion. Con-
sidering the ligand specificities of coreceptor-indepen-
dent and coreceptor-dependent TCR signaling, these
results indicate that CD4 and CD8 coreceptors would pre-
vent immature thymocytes from being signaled by non-
MHC ligands in the thymus, even if they were to express
a suitable TCR.
Signaling of Thymocytes in Mice Deficient
in Both Coreceptors and MHC
These results suggested a straightforward explanation for
why thymic selection is strictly dependent on MHC recog-738 Immunity 27, 735–750, November 2007 ª2007 Elsevier Incnition and generates onlyMHC-restricted T cells (schema-
tized in Figure S4). Namely, CD4 and CD8 coreceptors on
immature DP thymocytes leave insufficient amounts of
‘‘free’’ Lck to generate coreceptor-independent TCR
signals, so DP thymocytes can only be signaled by intra-
thymic MHC ligands that coengage TCR and coreceptor.
On the basis of this perspective, we hypothesized that
genetic deletion of both coreceptors might permit thy-
mocytes expressing TCR with specificity for non-MHC
ligands to be signaled to differentiate into mature,
MHC-independent abT cells (Figure S4). Although MHC-
independent abT cells have never been observed, we
tested our hypothesis by generating Cd4/Cd8/ mice
that were additionally deficient in both MHC-I and MHC-
II expression. We generated such mice by breeding
mice deficient in both I-Ab and CD8a with mice deficient
in both b2m and CD4 to yield mice that were deficient in
MHC-I, MHC-II, CD4, and CD8 (B2m/H2-Ab1/Cd4/
Cd8a/); we refer to them simply as ‘‘quad-deficient’’
mice. Quad-deficient and MHC-deficient (B2m/H2-
Ab1/) mice equally lacked MHC expression (Figure S5),
but thymocytes from MHC-deficient mice expressed both
CD4 and CD8 coreceptors, whereas those from quad-
deficient mice expressed neither coreceptor (Figure 3A).
Thymocyte numbers were generally similar in quad-defi-
cient, MHC-deficient, and B6 mice (Figure 3A), as was
CD8b mRNA content (Figure S6), which indicated that
quad-deficient thymocytes had at least achieved the
developmental stage of DP thymocytes. (Note that CD8b
proteins are not expressed on the cell surface in the
absence of CD8a [Gorman et al., 1988].) By protein
immunoblotting, thymocytes from quad-deficient,
MHC-deficient, and B6 mice contained similar amounts
of total Lck, but quad-deficient thymocytes contained
substantially more coreceptor-independent (‘‘free’’) Lck
(Figure 3B, left panel, and Figure S7). We also quantitated
Lck potentially available to the TCR by determining the
amount of Lck present in anti-TCR immunoprecipitates
(Stefanova et al., 2003) (Figure 3B, right panel). Impor-
tantly, anti-TCRb immunoprecipitates from quad-deficient
thymocytes contained 5-fold more Lck than those from
MHC-deficient or B6 thymocytes (Figure 3B, right panel).
Thus, deletion of CD4 and CD8 coreceptors in quad-defi-
cient mice substantially increased the amount of ‘‘free’’
Lck potentially available to the TCR on developing thymo-
cytes.
To determine whether immature quad-deficient thymo-
cytes were signaled in vivo despite absent MHC expres-
sion, we compared quad-deficient and MHC-deficient
thymocytes that were identically lacking MHC but that
differed in CD4 and CD8 expression (Figures 3C and
Figure S8). Unlike MHC-deficient thymocytes that were
uniformly CD5lo like TCRa-deficient thymocytes, quad-
deficient thymocytes were uniformly CD5hi (Figure 3C,
left panels). Futhermore, unlike MHC-deficient thymo-
cytes that contained little TCR-z phosphorylation, quad-
deficient thymocytes contained five times more TCR-z
phosphorylation (Figure 3D, left lanes). These results dem-
onstrate that deletion of CD4 and CD8 coreceptors not.
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receptors on Signaling and Selection of
Immature Thymocytes
Coreceptor-independent TCR signaling in
immature CD69 thymocytes lacking CD4
and CD8. Thymocytes from B6 and Cd4/
Cd8/ mice were loaded with Indo-1 at 31C
and stimulated by avidin-induced crosslinking
of biotinylated antibodies. Immature thymo-
cytes were identified as CD69 cells. Arrows
indicate the addition of avidin at 30 s and
ionomycin at 4 min. For coreceptor-indepen-
dent stimulation, the solid line represents
20 mg/ml anti-TCRb; the dotted line repre-
sents 5 mg/ml anti-TCRb; the dashed line
represents 0.5 mg/ml anti-TCRb. For corecep-
tor-dependent stimulation, a mixture of 10 mg/
ml anti-TCRb + 1 mg/ml anti-CD4 + 1 mg/ml
anti-CD8amAbs was used. Data are represen-
tative of four independent experiments.only increases the amount of free Lck but also permits
thymocyte signaling in an MHC-deficient thymus.
To see whether intrathymic signaling of quad-deficient
thymocytes was TCR-specific and was mediated by en-
dogenously rearranged abTCR, we inhibited expression
of endogenous TCR by forcing expression of the AND
transgenic TCR (Figure S9). Although TCR and CD5
expression on quad-deficient AND thymocytes were
lower than on AND thymocytes from a positively selecting
I-Ab host (Figure 3C, right panels, and Figure S9), CD5 ex-
pression on quad-deficient thymocytes were identically
high whether they expressed the AND TCR or not
(Figure 3C), suggesting that quad-deficient thymocytes
were signaled in vivo even when expressing the AND
TCR. As further evidence that they had been signaled,
quad-deficient AND thymocytes contained phosphory-
lated TCR-z chains in even greater amounts than quad-
deficient thymocytes (Figure 3D), consistent with their
greater TCR-z content and higher TCR expression (Fig-
ure 3C, right lanes).
Wewere surprised that quad-deficient AND thymocytes
were intrathymically signaled, so we considered that cor-
eceptor-deficient thymocytes might be signaled autono-
mously, perhaps because of their increased ‘‘free’’ Lck.
But, inconsistent with autonomous signaling, separation
of thymocytes from intrathymic ligands by placement in
overnight suspension culture resulted in TCR-z dephos-
phorylation in both quad-deficient and quad-deficient
AND thymocytes (Figure 3E). In addition, placement in
overnight suspension culture upregulated TCR expression
on both quad-deficient and quad-deficient AND thymo-
cytes (Figure 3F), although it did not upregulate TCR ex-
pression on MHC-deficient thymocytes that were not
signaled in vivo, suggesting that TCR on quad-deficient
and quad-deficient AND thymocytes had been internal-
ized in response to TCR engagement of intrathymic
ligands. Thus, immature quad-deficient thymocytes are
strongly signaled in vivo, presumably in response to TCR
engagement of intrathymic ligands.ImAppearance ofMature abTCells in Quad-Deficient
Mice Depends on the Specificity of Their TCR
In contrast to the intrathymic signals that initially upregu-
late CD5 expression on immature thymocytes (Bhandoola
et al., 1999), the intrathymic signals that induce immature
thymocytes to differentiate into mature abT cells are
strictly dependent on the ligand specificity of their TCR.
To determine whether positive selection and maturation
of abT cells occurred in quad-deficient mice and whether
these events were TCR specific or TCR independent, we
compared the number of mature abT cells in the lymph
nodes (LNs) of quad-deficient and quad-deficient AND
mice (Figure 4A).
Quad-deficient mice had ten times the number of pe-
ripheral abT cells as quad-deficient AND mice, the latter
having fewer than 1 3 106, indicating that the AND TCR
was far less effective than endogenous TCR in promoting
maturation and survival of abT cells in an MHC-deficient
environment. In addition, examination of abT cells in the
LN of these MHC-deficient mice revealed that quad-defi-
cient T cells bearing endogenous abTCR were CD5hi,
whereas quad-deficient T cells bearing AND TCR were
CD5lo (Figure 4B), indicating that endogenous TCR were
strongly signaled by peripheral self-ligands, whereas
AND TCRs were not. These results demonstrate that the
generation and maintenance of peripheral abT cells in
quad-deficient mice depends on the specificity of their
TCR.
The presence of peripheral ab T cells in quad-deficient
mice permitted us to determine their TCR diversity and
lineage. TCR-Vb analysis revealed that, by this criterion,
abT cells in quad-deficient mice were as diverse as abT
cells in wild-type B6 mice (Figure 4C). Moreover, the
roughly similar frequencies of different TCR-Vb families
in quad-deficient and wild-type T cells suggested that
the relative frequency of TCR-Vb family usage was not
determined by TCR ligand specificity. Lineage analysis re-
vealed that peripheral abT cells in quad-deficient mice
contained CD4-lineage T cells but not CD8-lineage T cellsmunity 27, 735–750, November 2007 ª2007 Elsevier Inc. 739
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(A) CD4 and CD8 expression on B6, MHC-deficient (MHCko), and quad-deficient (Quadko) thymocytes. Numbers of thymocytes (±SE) from at least
21 mice/group were analyzed. Data are a summary of 15 independent experiments.
(B) Intracellular Lck distribution. One percent NP-40 thymocyte lysates were immunoprecipitated and resolved by 10% SDS-PAGE (Figure S7). We
determined total Lck by blotting whole lysates for Lck, with Cbl and actin serving as loading controls. We determined coreceptor-independent Lck by
blotting thymocyte lysates for Lck after three sequential anti-CD4 + anti-CD8 immunoprecipitations. We determined TCR-associated Lck by blotting
anti-TCRb immunoprecipitates for Lck, with TCRz serving as a positive control. Band intensities from quad-deficient (Quadko) thymocytes were set to
1.0. Data are representative of three independent experiments.
(C) Intrathymic signaling of quad-deficient (Quadko) thymocytes. Thymocytes from the indicated mouse strains were analyzed for CD5 and TCRb
expression. Total thymocyte number inQuadkoANDmicewas 149±203106 (n = 8). Data are representative of at least eight independent experiments.
(D) Intrathymic signaling results in TCRz phosphorylation. Thymocyte lysates were immunoprecipitated with anti-TCRz, resolved by 14% SDS-
PAGE, and blotted with antiphosphotyrosine and anti-TCRz. Band intensities were quantitated by densitometry and normalized to quad-deficient
(Quadko) band intensities that were set to 1.0. Data are representative of three independent experiments.740 Immunity 27, 735–750, November 2007 ª2007 Elsevier Inc.
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abT Cells in Quad-Deficient Mice
(A) Peripheral abT cells. Total numbers of abT
cells in LNs from quad-deficient (Quadko) and
QuadkoAND mice are indicated, as are the
numbers of mice in each group. Values repre-
sent mean ± SEM; p value was determined
by the two-tailed Student’s t test. Data are
a summary of nine independent experiments.
(B) CD5 expression on thymocytes and abT
cells from quad-deficient mice expressing
either endogenous TCR (Quadko) or AND TCR
(QuadkoAND). Data are representative of six
independent experiments.
(C) Vb repertoire on abT cells in quad-deficient
mice. LN T cells from quad-deficient (Quadko)
and B6 mice were stained with antibodies
against the indicated TCR-Vb chains. Four
mice in each group were analyzed, and values
represent mean ± SEM. Data are a summary of
four independent experiments.
(D) Expression of lineage-specific genes in abT
cells from quad-deficient mice. Northern blots
of RNA from spleen abT cells from B6 and
quad-deficient (Quadko) mice were sequen-
tially probed for expression of CD8b, Th-POK,
and 18S RNA. Data are representative of three
independent experiments.
(E) Expression of a CD4-lineage-specific re-
porter protein in abT cells from quad-deficient
mice. A CD4 reporter transgene that drives
expression of the hCD2 reporter protein was
introduced into B6 and quad-deficient
(Quadko) mice. LN abT cells from these mice
were purified and stained for CD4 versus CD8
expression (top panels) and for hCD2 versus
CD8 expression (bottom panels). Numbers in
boxes indicate the frequency of abT cells in
that box. Data are representative of three inde-
pendent experiments.because RNA blots revealed mRNA for ThPOK, the CD4-
lineage transcription factor also known as cKrox or
Zbtb7b (He et al., 2005; Sun et al., 2005), but little mRNA
for CD8b (Figure 4D). To quantitate the frequency of
CD4-lineage abT cells in quad-deficient mice, we intro-
duced a CD4 reporter transgene consisting of CD4 tran-
scriptional control elements driving human CD2 (hCD2)
protein expression (Sawada et al., 1994). Expression of
the CD4 reporter protein (hCD2) revealed that 40% of
ab LN T cells in quad-deficient mice were CD4-lineage
T cells (Figure 4E), with the remaining abT cells DN cells.ImThus, abT cells generated in quad-deficient mice express
a diverse TCR-Vb repertoire and are predominantly CD4-
lineage T cells.
TCR Specificity of abT Cells
in Quad-Deficient Mice
We probed the recognition specificities of quad-deficient
abTCR by assaying their proliferative responses to genet-
ically disparate stimulator cells. In these assays, purified
responder T cells were labeled with CFSE and cocultured
for 4 days with T cell-depleted LPS-activated stimulator(E) TCR engagement by intrathymic ligands. One percent NP-40 lysates from fresh or overnight (O/N) cultured thymocytes were immunoprecipitated
with anti-TCRz, resolved by 14% SDS-PAGE, and immunoblotted with antiphosphotyrosine and anti-TCRz. Data are representative of three inde-
pendent experiments.
(F) TCR engagement by intrathymic ligands. Surface TCRb expression on fresh (black line) and O/N cultured thymocytes (red line) from the indicated
mouse strains are displayed. Data are representative of three independent experiments.munity 27, 735–750, November 2007 ª2007 Elsevier Inc. 741
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(A and B) Purified LNT cells (13 105) from the indicated responder strains were labeled with CFSE and incubated for 4 days with medium or 23 105
stimulator cells (T depleted, LPS-stimulated, and mitomycin C-treated spleen cells) with different H-2 haplotypes in the presence or absence of
a cocktail of several anti-H-2b mAbs specific for Kb, I-Ab, and Db. On day 4, cells were harvested and assessed for CFSE fluorescence on gated
abT cells. Numbers in histograms represent the percentage of abT cells that have undergone at least one division. As a positive control, responders
were stimulated with anti-TCRb (2 mg/ml) + 2 3 105 MHCko stimulator cells. Data are representative of ten independent experiments.
(C) Reactivity of abT cells from quad-deficient mice expressing endogenous versus AND TCR. Purified LNT cells (13 105) from quad-deficient mice
expressing endogenous TCR (Quadko) or AND TCR (QuadkoAND) were labeled with CFSE and incubated for 4 days with medium or 23 105 stimulator
cells (T depleted, LPS-stimulated, and mitomycin C-treated spleen cells) with different H-2 haplotypes in the presence or absence of PCC (5 mM).742 Immunity 27, 735–750, November 2007 ª2007 Elsevier Inc.
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mice displayed a conventional MHC-restricted TCR rec-
ognition repertoire as they proliferated against MHC-
disparate stimulators but not against MHC-identical or
MHC-deficient stimulators (Figure 5A). In contrast and in-
dicative of a unique TCR recognition repertoire, responder
abT cells from quad-deficient mice proliferated vigorously
against bothMHC-sufficient andMHC-deficient stimulator
cells. Importantly quad-deficient T cells did not proliferate
autonomously in the absence of stimulator cells, indicating
that T cells did not express either the stimulatory ligands or
the necessary costimulatory molecules (Figure 5A). The
ability of quad-deficient T cells to proliferate against stim-
ulators from MHC-deficient mice was both striking and
unique because conventional abT cells were not able to re-
spond against MHC-deficient stimulators. We attempted
to block these proliferative responses with a cocktail of
anti-H-2b directed against both MHC-I and MHC-II com-
plexes that were expressed on B6 stimulators and that
might also be cryptically expressed on MHC-deficient
stimulators. Even though the H-2b antibody cocktail effec-
tively blocked recognition of H-2b-dependent ligands on
B6 stimulators by conventional B10.A T cells, it did not
block recognition of MHC-independent ligands by T cells
from quad-deficient mice (Figure 5A).
Because stimulator cells from MHC-deficient (B2m/
H2-Ab1/) mice are only deficient for b2m and I-Ab,
they still express Aa and Eb MHC-II chains intracellularly,
so it might be argued that their Aa and Eb chains are
also expressed in cryptic amounts on the cell surface. To
avoid this concern, we examined the response to MHCD/D
(B2m/MHCIID/D) stimulator cells derived from complete
MHC-II deficient mice that lack all MHC-II chains (Madsen
et al., 1999) in addition to lacking b2m (Figure 5B). In fact,
quad-deficient abT cells responded vigorously against
MHCD/D stimulators, thereby excluding any possibility
that their response was dependent in any way on MHC-II
(Figure 5B). Notably, coreceptor-deficient abT cells from
Cd4/Cd8/ mice responded similarly (Figure 5B).
Because abT cells reactive toMHC-independent ligands
have not been previously described, it was important to
verify that quad-deficient abT cell proliferative responses
reflected the recognition specificities of their abTCR. To
do so, we compared in vitro proliferative responses of
quad-deficient T cells expressing endogenous TCR with
quad-deficient T cells expressing AND TCR (Figure 5C).
Note that each stimulation culture initially contained the
identical number (105) of purified responder T cells. After
4 days of stimulation, we harvested the cultures and
stained them with anti-TCRb to identify viable responder
cells (Figure 5C). There were marked differences in the
recoveries of the two responder T cells from these stimula-
tion cultures. Few if any quad-deficient AND T cells were
recovered from any stimulation culture other than those
containing PCC+B10.A stimulators that expressedImPCC+I-Ek, the agonist ligand for the AND TCR (Fig-
ure 5C, top). In contrast, quad-deficient T cells expressing
endogenous TCRproliferated in response to all stimulators,
including MHC-deficient stimulators (Figure 5C, lower left
panels). Thus, survival and responsiveness of abT cells in
these stimulation cultures is TCR specific.
We conclude that endogenous abTCR expressed
on quad-deficient T cells recognize non-MHC ligands
expressed on both MHC-positive and MHC-deficient
stimulators.
Specificity of Individual T Cell Clones
from Quad-Deficient Mice
To examine the TCR specificity of individual quad-
deficient abT cells, we generated T hybridoma cell clones
by stimulating purified ab LNT cells from quad-deficient
mice with TCRb mAb and fusing the T cell blasts to TCR
null BW cells (Sussman et al., 1988). Four independently
derived T hybridomas were characterized in detail, and
their specificities were probed (Figure 6). All four T hybrid-
omas expressed abTCR as they were stained by TCRb
mAb (H57). Staining for specific Vb expression identified
the Vbmolecules expressed by three of the T hybridomas
(Figure 6A); the fourth T hybridoma presumably expresses
a Vb for which we do not have typing reagents (see Fig-
ure 4C). Importantly, all four T-hybridomas secreted IL-2
in response to profoundlyMHC-deficient MHCD/D stimula-
tor cells (Figure 6A), and their responses were refractory to
H-2b antibody blockade (Figure 6A). In addition, all four
T-hybridomas responded vigorously to KbDb-deficient
stimulator cells lacking all classical MHC-I molecules.
Interestingly, the four T-hybridomas varied in their re-
sponses to wild-type B6 (H-2b) stimulators, suggesting
possible differences between MHC-deficient and B6
stimulator cells in the non-MHC antigenic ligands they
expressed (Figure 6B).
These data rigorously demonstrate that ligand recogni-
tion by these abT cell clones is independent of MHC-II
molecules and is also independent of both classical
MHC-I and nonclassical MHC-Ib molecules that are all
b2m dependent. Thus, individual abT cell clones from
quad-deficientmice recognize non-MHC ligands, confirm-
ing the recognition specificities displayed by polyclonal
quad-deficient abT cells.
Improved Positive Selection and T Cell Generation
in Quad-Deficient Bcl-2 Mice
Although quad-deficient LNs contained substantial num-
bers of mature abT cells, their number was 25% of
that in normal B6mice. As a possible explanation, we con-
sidered that, in the absence of CD4 and CD8 expression,
TCR signalingmight be so strong thatmost quad-deficient
thymocytes were signaled to undergo apoptosis instead
of maturation, a possibility consistent with their high
CD5 expression (Figure 3C). In fact TUNEL staining ofOn day 4, cells were harvested and analyzed by multicolor flow cytometry for TCRb expression (top panels) and for CFSE fluorescence on gated abT
cells (lower panels). Numbers in histograms represent the percentage of abT cells that have undergone at least one division. Data are representative of
five independent experiments.munity 27, 735–750, November 2007 ª2007 Elsevier Inc. 743
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omas
(A and B) T cell hybridomas derived from quad-
deficient Bcl-2 mice were stimulated for 24 hr
with the indicated stimulator cells (T depleted,
irradiated spleen cells) in the presence or
absence of a cocktail of anti-H-2b mAbs. We
assessed reactivity by measuring IL-2 produc-
tion with the Alamar Blue colorimetric assay.
Data are expressed relative to stimulation
with anti-TCRb (2 mg/ml) + 23 105MHCko stim-
ulator cells. Each data point represents the
mean (±SEM) of triplicate cultures. Data are rep-
resentative of five independent experiments.thymus sections revealed significantly increased apopto-
tic cell numbers in quad-deficient thymi (Figure 7A). Con-
sequently, we introduced a transgene encoding the antia-
poptotic protein Bcl-2. Expression of the Bcl-2 transgene
in quad-deficient Bcl-2 mice markedly reduced the num-
ber of apoptotic thymocytes (Figure 7A) and significantly
increased positive-selection efficiency as indicated by
increased TCRb expression and increased frequency of
TCRbhiCD69+ thymocytes (Figure 7B). (Note also that
a distinct population of CD5 or CD5lo thymocytes ap-
peared in quad-deficient Bcl-2 mice [Figure 7B], revealing
that some quad-deficient thymocytes were unsignaled
in vivobut requiredBcl-2 expression to survive longenough
to be detected.) Thus, Bcl-2 transgene expression signifi-
cantly improves positive selection in quad-deficient mice.
As a further indication of efficient positive selection
in quad-deficient Bcl-2 mice, histologic examination
revealed distinct medullary regions in quad-deficient
Bcl-2 thymi that were not present in MHC-deficient
Bcl-2 thymi (Figure 7C). Because quad-deficient Bcl-2
mice and MHC-deficient Bcl-2 mice differed only in their
expression of CD4 and CD8 coreceptors, these results
document that CD4 and CD8 coreceptor expression pre-
vents positive-selection signaling in thymi lacking MHC.744 Immunity 27, 735–750, November 2007 ª2007 Elsevier IncPerhapsmost importantly, positive selection was so im-
proved in quad-deficient Bcl-2 mice that the number of
mature ab LNT cells they contained was nearly equivalent
to that in normal B6mice andwas four times the number in
quad-deficient mice (Figure 7D). The generation of such
large numbers of abT cells in quad-deficient Bcl-2 mice
was strictly dependent on their TCR specificity because
expression of the AND TCR by quad-deficient AND+Bcl-2
mice reduced abT cell numbers by 92% (Figure 7D). In-
deed, quad-deficient Bcl-2 abT cells displayed precisely
the same MHC-independent reactivity pattern as quad-
deficient abT cells (Figure 5A), although Bcl-2 transgene
expression quantitatively reduces T cell proliferative re-
sponses (Linette et al., 1996; Mazel et al., 1996).
These results document that deletion of coreceptor ex-
pression permits preselection thymocytes to be signaled
in the thymus independently of MHC and to differentiate
into mature abT cells with MHC-independent TCR-recog-
nition specificities. Without CD4 and CD8 coreceptors to
dampen TCR signaling, immature quad-deficient thymo-
cytes appear to be signaled so strongly that most undergo
apoptosis. However, introduction of a Bcl-2 transgene
predominantly prevents quad-deficient thymocyte apo-
ptosis and promotes efficient positive selection..
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Autoreactive T Cells
Because abT cells from quad-deficient and quad-defi-
cient Bcl-2 mice were reactive in vitro against non-MHC
ligands expressed on MHC-deficient, MHCD/D, and auto-
logous quad-deficient stimulators (Figures 5A and 5B),
we wondered whether they were also autoreactive in vivo.
Consistent with such a possibility, peripheral abT cells
from quad-deficient and quad-deficient Bcl-2 mice ex-
pressing endogenous TCR displayed an activation or
memory phenotype in that they were CD5hiCD69+
CD62LloCD44hi (Figure 7E) (note that very few of these cells
expressed NK markers [Figure S10]). In vivo expression of
an activation or memory phenotype was TCR specific be-
cause quad-deficient T cells that expressed the transgenic
AND TCR (rather than endogenous TCR) were not stimu-
lated in vivo and did not display an activation/memory phe-
notype (Figure 7E). Consequently, we think expression of
activation markers by quad-deficient T cells reflects their
stimulation by in vivo self-ligands. As a more definitive indi-
cation of in vivo autoreactivity, histologic examination of
aging (8-month-old) quad-deficient and quad-deficient
Bcl-2 mice revealed that each of the five mice examined
in each group had lymphocytic infiltrations in lung and pan-
creas (Figure 7F), as well as in the colon, skin, and other
sites (not shown).
DISCUSSION
The defining feature of abT cells is the MHC specificity of
their TCR, but the mechanism underlying thymic selection
of an MHC-restricted abT cell repertoire has remained
enigmatic. The present study provides a straightforward
solution to this ‘‘MHC-restriction problem’’: Signaling of
preselection DP thymocytes strictly requires TCR and cor-
eceptor coengagements, and because CD4 and CD8 cor-
eceptors bindMHC, TCR and coreceptor coengagements
can only be induced by MHC ligands, thereby restricting
signaling of preselection thymocytes to abTCR with
MHC specificity (schematized in Figure S4). Importantly,
the present study demonstrates that the strict signaling re-
quirement for TCR and coreceptor coengagements can
be circumvented by deletion of CD4 and CD8 coreceptor
expression and that coreceptor-deficient thymocytes can
be signaled independently of MHC to differentiate into
mature abT cells with MHC-independent recognition
specificities. The MHC-independent specificity of core-
ceptor-deficient abT cells was demonstrated by in vitro re-
activity that was refractory to anti-H-2 antibody blockade
against MHC-deficient stimulator cells and was confirmed
at the clonal level. Interestingly, mature coreceptor-defi-
cient abT cells were found to be incompletely self-tolerant,
indicating the difficulty of modulating abTCR signaling in-
tensity in the absence of CD4 and CD8 coreceptors.
Because TCR complexes lack intrinsic kinase activity,
TCR signal transduction requires activation of Lck that
can be either coreceptor associated or ‘‘free,’’ so that
TCR signaling can be either coreceptor dependent or cor-
eceptor independent. Coreceptor-dependent TCR signal-Iming is thought to be more efficient than coreceptor-inde-
pendent TCR signaling, requiring lower antigen doses for
equivalent levels of stimulation. Hence, the prevailing con-
cept that coreceptor-Lck associations exist to enhance
antigen-specific TCR signaling (Abraham et al., 1991; Hol-
dorf et al., 2002; Kersh et al., 1998; Veillette et al., 1989b;
Vidal et al., 1996). However, the present study demon-
strates that antigen-specific TCR signaling does not re-
quire coreceptor-Lck associations and is not impaired
when coreceptor-Lck associations are absent. Rather,
the present study suggests that the major importance of
coreceptor-Lck associations is the enforcement of MHC
specificity by impairing coreceptor-independent TCR sig-
naling, especially in developing thymocytes undergoing
thymic selection.
The CD4-lineage specification of a large subset of
quad-deficient abT cells is concordant with the kinetic sig-
naling model of CD4-CD8-lineage choice (Brugnera et al.,
2000; Singer, 2002). According to kinetic signaling, CD4-
CD8-lineage choice is determined by the persistence or
cessation of TCR signaling during positive selection,
with persistent TCR signaling resulting in CD4-lineage T
cells and disrupted TCR signaling resulting in CD8-lineage
T cells. Because coreceptor-independent TCR signals
would persist throughout positive selection, kinetic signal-
ing predicts that MHC-independent thymocytes would
mainly differentiate into CD4-lineage, abT cells, as was
observed. We think the abT cells that are DN-lineage cells
in quad-deficient mice represent strongly signaled CD4-
lineage T cells that have escaped clonal deletion (L.P.
and A.S., unpublished data).
The in vitro reactivity of quad-deficient abT cells against
syngeneic stimulators suggested possible autoreactivity in
quad-deficient mice. Indeed, quad-deficient mice at ap-
proximately 8 months of age exhibited lymphocytic infil-
trates in multiple organs, indicating incomplete self-toler-
ance. These observations suggest that, without CD4 and
CD8 coreceptors, it is difficult tomodulate abTCR signaling
intensity in individual T cells to levels that permit positive
selection in the thymus and promote survival in the periph-
ery but still avoid autoreactivity.
That coreceptor-deficient abT cells in quad-deficient
mice can be signaled independently of MHC indicates
that the preselection TCR repertoire is broader than
MHC. We do not think that this conclusion necessarily
conflicts with the concept that there exists a genetic
bias toward MHC recognition because a genetic predis-
position does not mean that TCR-gene rearrangements
generate only MHC-specific TCRs. However, a genetic
bias toward MHC recognition was deduced by signaling
coreceptor-expressing DP thymocytes and their CD4+
progeny (Huseby et al., 2005; Merkenschlager et al.,
1997; Zerrahn et al., 1997), and this we now know from
our current study introduces a strong bias toward MHC-
specific TCRs because coreceptors impair or prevent
signaling by MHC-independent TCRs. Consequently, the
preselection or germline repertoire might be less biased
toward MHC recognition than is currently thought. Never-
theless, we propose that CD4 and CD8 coreceptorsmunity 27, 735–750, November 2007 ª2007 Elsevier Inc. 745
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(A) Bcl-2 reduces the numbers of apoptotic cells in quad-deficient (Quadko) thymi. Thymocytes from B6, Quadko, and QuadkoBcl-2 mice were
assessed for TUNEL+ cells. Numbers of TUNEL+ thymocytes per high-powered (203) field were counted, with counts performed on a minimum of
three independent fields in each thymus. Values indicate the mean ± SEM. Data are representative of two independent experiments.
(B) Bcl-2 improves positive selection of quad-deficient thymocytes. Thymocytes from Quadko and QuadkoBcl-2 mice were assessed by flow cytom-
etry for expression of CD5, TCRb, andCD69. Thymocyte cell numbers represent themean ± SEM from sixmice in each group. Data are representative
of eight independent experiments.
(C) Thymus histology. H & E staining of frozen sections of thymus from the indicated mice are shown. The following abbreviations are used:
M, medulla; and C, cortex. The scale bar represents 500 mm. Data are representative of three independent experiments.
(D) Comparison of LN abT cell numbers in MHC-deficient and quad-deficient mice. Total numbers of LN abT cells in MHC-deficient (MHCko), quad-
deficient (Quadko), QuadkoBcl-2, QuadkoAND, and QuadkoAND Bcl-2 adult mice were determined and compared. Values represent means ± SEM.
Data are a summary of 5–30 independent experiments.746 Immunity 27, 735–750, November 2007 ª2007 Elsevier Inc.
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ing the preselection repertoire toward MHC recognition
because CD4 and CD8 coreceptors, by preventing core-
ceptor-independent TCR signaling in preselection DP
thymocytes, would permit only germline gene elements
capable of encoding MHC-specific TCR to be expressed
in mature abT cells. As a result, MHC-specific gene ele-
ments would be maintained in the germline, whereas
MHC-independent gene elements would be unused and
eventually lost from the germline.
Taking our repertoire analysis a bit further, we would
suggest that the distinction between MHC-independent
and MHC-specific abTCRs might not necessarily be clear
cut because MHC-independent TCRs on coreceptor-
deficient abT cells might crossreactively recognize
MHC-dependent ligands. As further explanation, conven-
tional abT cells are MHC specific and crossreactive,
but their crossreactivity is strictly limited to recognizing
other peptide-MHC complexes. However, without CD4
and CD8 coreceptors to dampen TCR signaling, it is
possible that coreceptor-deficient abT cells specific for
non-MHC ligands might crossreactively recognize MHC-
dependent ligands. If such crossreactivity actually exists,
it would be impossible to draw clear distinctions between
an MHC-independent and an MHC-specific TCR
repertoire.
Mice completely devoid of all MHC expression do not
yet exist. Quad-deficient mice contain neither b2m nor
I-Ab molecules, but they might possibly express very
low levels of H-2Db (Zijlstra et al., 1990) and very low levels
of AabEbb mixed isotype complexes, although AabEbb
mixed isotype complexes have never been isolated. How-
ever, the diversity and number of abT cells signaled and
selected in quad-deficient mice, especially those express-
ing Bcl-2, far exceed what can be explained by TCR
recognition of residual MHCmolecules. Most importantly,
rigorous analysis of mature abT cells in quad-deficient
mice revealed that they reacted against antigens ex-
pressed on profoundly MHC-deficient stimulator cells,
and their reactivity was resistant to anti-H-2 blockade.
We confirmed the MHC-independent reactivity of Quad-
deficient abT cells on a clonal level by deriving abT-hybrid-
oma cell clones that also recognized and vigorously
reacted against various stimulator cells that were null for
b2m, MHC-I, and/or MHC-II. Together, these data docu-
ment the MHC-independent recognition specificities of
quad-deficient abT cells.
To document the TCR specificity of MHC-independent
T cell responses by quad-deficient T cells, we generated
quad-deficient AND mice and demonstrated that, unlike
mature abT cells fromquad-deficient mice bearing endog-
enous TCR, quad-deficient T cells bearing the AND TCRImdid not react againstMHC-deficient stimulator cells. Nota-
bly, we found that thymocytes expressing the AND TCR
were signaled in the thymus of quad-deficient mice even
though they do not express any known AND-selecting
ligand. There are two possible explanations for this obser-
vation: (1) the AND TCR can be engaged by an unknown
non-MHC ligand in thymus, or (2) TCR signaling of quad-
deficient thymocytes is ligand independent, perhaps
because ‘‘free’’ Lck is increased. We think the former pos-
sibility is most likely (i.e., that the AND TCR was engaged
by a non-MHC ligand in the quad-deficient thymus) be-
cause separation of quad-deficient AND thymocytes
from ligand-bearing thymic stromal cells terminated TCR
signaling and upregulated surface TCR expression. In
contrast, analysis of peripheral T cells in quad-deficient
and quad-deficient ANDmice revealed that the generation
and maintenance of abT cells in quad-deficient mice is
clearly TCR specific and ligand dependent because ex-
pression of the AND TCR reduced abT cells by >90%,
and the T cells that were present did not express activa-
tion markers. Consequently, we think that whatever non-
MHC ligand might have engaged and signaled the AND
TCR in the quad-deficient thymus, it is not expressed out-
side of the thymus. It might be noted that, although few in
number and devoid of coreceptor molecules, peripheral
quad-deficient AND T cells were strongly reactive to the
AND agonist ligand PCC+I-Ek, and this finding supports
our concept that coreceptor-Lck associations are not
important for antigen-specific TCR responses but are
mainly important for impairing coreceptor-independent
signaling by non-MHC ligands.
We do not yet know the identity of any of the ligands that
are recognized by quad-deficient abT cells. However,
there are literally thousands of different cell-surface struc-
tures that are recognized by antibodies whose specific-
ities derive from Ig gene rearrangements. Interestingly, it
has also been suggested that many of these non-MHC
encoded cell-surface structures might also be recognized
by gdTCR (Chien and Konigshofer, 2007). Consequently,
we think that many of the cell-surface structures that are
recognized by antibodies and possibly gdTCR might
also be recognized by preselection abTCR and would be
able to signal coreceptor-deficient thymocytes. Future
experiments will be directed at identifying ligands recog-
nized by MHC-independent abT cells.
In conclusion, the present study documents the exis-
tence of unique abT cells with MHC-independent recogni-
tion specificities, reveals that coreceptor deficiency can
uncouple thymic selection from MHC-recognition, and
supports a different perspective of the function of CD4
and CD8 coreceptors in developing thymocytes and
mature T cells. In addition, this study offers a remarkably(E) Phenotypic analyses of ab LNT cells from quad-deficient mice expressing endogenous TCR or AND TCR. LN abT cells from the indicated mouse
strains were assessed by flow cytometry for surface expression of CD5, CD69, CD62L, and CD44. Data are representative of five independent
experiments.
(F) Lymphocytic infiltrations in pancreas and lungs of 8-month-old quad-deficient mice. Organs from 8-month-old animals from the indicated mouse
strains were fixed in formalin and stained with H & E. The scale bar represents 50 mm. Five mice per group were analyzed. Data are representative of
three independent experiments.munity 27, 735–750, November 2007 ª2007 Elsevier Inc. 747
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abT cell repertoire is generated in the thymus.
EXPERIMENTAL PROCEDURES
Animals
C57BL/6 (B6) mice were purchased from The Jackson Laboratories
(Bar Harbor, ME), as were mice deficient in b2m (B2m/), mice defi-
cient in CD4 (Cd4/), and mice deficient in all MHC-II chains
(H2dlAb1-Ea) referred to as MHCIID/D mice. B10.A mice were obtained
from NCI-Frederick, MD. Mice deficient in CD8a (Cd8a/), CD8b
(Cd8b/), I-Abb (H2-Ab1/), and KbDb (Kb/Db/) were bred in
our own animal colony, as were AND TCR transgenic mice (Kaye
et al., 1989) and hBcl-2 transgenic mice (Linette et al., 1996). By further
breeding, we generated mice deficient in both b2m and I-Abb, which
we refer to as MHC deficient; mice deficient in both b2m and all
MHC-II chains, which we refer to as B2m/MHCIID/D; mice deficient
in both CD4 and CD8a, which we refer to as Cd4/Cd8/; mice de-
ficient in both b2m and CD4; and mice deficient in both I-Abb and
CD8a. By breeding together mice deficient in both b2m and CD4
with mice deficient in both I-Abb and CD8a, we generated mice that
were deficient in all four proteins (b2m, I-Abb, CD4, and CD8), which
we refer to as quad deficient. We also bred quad-deficient mice that
expressed the Bcl-2 transgene; quad-deficient mice that expressed
the AND TCR transgene; and quad-deficient mice that expressed
both the AND TCR transgene and the Bcl-2 transgene. Animal care
was in accordance with National Institutes of Health (NIH) guidelines.
For construction of CD4 transgenic mice, cDNAs encoding re-engi-
neered CD4 coreceptor molecules were constructed from cDNAs
encoding mouse CD4, CD8a, and CD8b (Zamoyska et al., 1989) and
inserted into a hCD2-based cassette. The amino acid sequences at
the modified junctions were as follows: 4AA ext/tm junction VNQT/
DIYWAPL; 4BB ext/tm junction VNQT/DITTLSLL; and 44T tm/cyto
junction GLCILCCV/RCRHQQRQ. Transgenic offspring were back-
crossed to b2m/Cd4/ mice that were also transgenic for the
AND TCR.
Antibodies
MAbs with the following specificities were used in the present study:
CD4 (GK1.5, RM4.5), TCRb (H57-957), I-Ab (AF6-120.1), H-2Db/H-
2Kb (28-8-6), CD5 (53-7.3), CD69 (H1.2F3), Va11 (RR8-1), Vb3
(KJ25), CD24 (M1-69), CD44 (IM7), NK-1.1 (PK136), and CD49b
(DX5) were obtained from PharMingen; mouse Vb TCR were deter-
minedwith theMouse Vb TCR screening panel fromPharMingen; actin
(rabbit serum), Cbl (goat serum), and CD33 (goat serum) were obtained
from Santa Cruz Biotechnology; hCD2 and CD8a (CT-CD8a) were
obtained from Caltag; phosphotyrosine (4G10) was obtained from
UBI; Lck (rabbit serum) was obtained from Transduction Laboratories;
and TCRz (H146-968, and serum 551) was generated in our own lab.
Immunofluorescence and Flow Cytometry
Cells were stained and analyzed on a FacsVantage SE (Becton Dick-
inson) with four-decade logarithmic amplification. Dead cells were ex-
cluded by forward light scatter and propidium-iodide staining. Where
indicated, fluorescence was quantitated into linear fluorescence units
(FUs) by use of an empirically derived calibration curve constructed for
each logarithmic amplifier used.
Cell Purifications
For purification of CD4+ LN T cells, LN cells were depleted of CD8+,
MHC-II+, and Ig+ cells by antibody-mediatedmagnetic bead depletion.
Splenic abT cells were purified with a Pan T cell isolation kit (Miltenyi).
Calcium Mobilization
Cells were loaded with the calcium-sensitive dye Indo-1 (1.8 mM) at
31C (thymocytes) or 37C (LN cells) and then coated at 4C with
biotinylated mAbs specific for TCRb, CD69, CD4, and CD8a. Coated748 Immunity 27, 735–750, November 2007 ª2007 Elsevier Inccells were kept at 4C until 2 min prior to stimulation, when cells
were warmed and applied to the flow cytometer. Antibody crosslinking
was induced with avidin (4 mg/ml), and data acquisition was recorded
for 4 min. Intracellular calcium concentrations were determined by the
ratio of Indo-1 fluorescence at 405 versus 510 nm.
CD69 Upregulation
For anti-TCR stimulation, spleen cells (2 3 106/ml) were plated in
24-well plates with soluble anti-TCRb mAb, cultured for 16 hr at
37C, and analyzed. For PCC stimulation, responder spleen cells
(1 3 106/well) were cultured with an equal number of B10.A APC’s
(T depleted and 3300R irradiated splenocytes) and PCC (88-104) for
16 hr at 37C and then analyzed.
T Cell Proliferation
For anti-TCR stimulation of CD4 transgenic T cells, CFSE-loaded
responder LN cells (1 3 105) were stimulated with soluble anti-TCRb
mAb; for PCC stimulation, CFSE-loaded responder LN cells (1 3
105) were stimulated with 2 3 105 B10.A APCs and PCC (88-104).
Cultures contained 10% FCS that had been steroid depleted by char-
coal stripping and were analyzed on day 3. To test T cell reactivity
against stimulator cells from different mouse strains, we labeled puri-
fied LNT responder cells with CFSE and cocultured them with LPS-
activated and mitomycin C-treated splenic B cell blasts. Cultures
were analyzed on day 4 by multicolor flow cytometry. We performed
anti-H-2b blockade by adding a cocktail of the following antibodies:
10 mg/ml Y-3P = anti-Aab; 10 mg/ml M5/114.15.4 = anti-Abb, Ebk;
10 mg/ml 28-8-6 = anti-Kb, Db; and 10 mg/ml 28-14-8 = anti-Db.
Northern Blots
Total RNA was isolated with TriZol (Invitrogen), and equal amounts of
RNA were resolved in a 3-(N-morpholino) propanesulfonic acid-buff-
ered agarose gel under denaturing conditions and subsequently blot-
ted onto Hybond-N+ membranes (Amersham) by capillary transfer.
Membranes were hybridized with radioactive probes for 16 hr at
42C, washed, and analyzed.
Immunoprecipitations and Immunoblotting
To detect coreceptor-Lck associations, TCR-Lck associations, and
TCR-z tyrosine phosphorylation, we detergent solubilized cells in 1%
Nonidet P-40 (NP-40) (Stefanova et al., 2003). Lysis buffers also
contained 10 mM Tris-HCl (pH 7.2), 140 mM NaCl, 2 mM EDTA,
1 mMNaF, 1 mM orthovanadate, and protease inhibitors. Immunopre-
cipitates were resolved on 10%–14% acrylamide gels (Invitrogen) un-
der reducing conditions (except TCR-Lck immunoprecipitations for
detection of TCR-Lck associations that were done under nonreducing
conditions) and transferred to nitrocellulose membranes (Amersham).
Blots were incubated with the indicated antibodies and then horserad-
ish peroxidase-conjugated protein A or specific secondary antibodies.
Reactivity was revealed by enhanced chemiluminescence.
Generation of T Cell Hybridomas
T cell hybridomas from quad-deficient Bcl-2 mice were derived from
ab LNT cells, stimulated with plate-bound anti-TCRbmAbs (10 mg/ml)
for 48 hr, fused to TCR null BW cells, and subcloned at <1 cell/well.
We assessed IL-2 production by screening culture supernatants with
the Alamar Blue colorimetric assay by using an IL-2-dependent
CTLL-2 cell line and measuring the OD570/600 absorbance (Ahmed
et al., 1994).
Histology
Organs (thymus, lung, and pancreas) were snap frozen or fixed in 10%
formalin and stained with hematoxylin eosin (H & E). Where indicated,
TUNEL assays were performed on thymic sections. Bright-field im-
ages were collected with a 53 or 203 Plan-Neofluar (N.A. 0.15) objec-
tive lens on a Zeiss axioplan2 microscope (Carl Zeiss, Thornwood, NY)
coupled with a SPOT RT2 slider color-filter 14-bit CCD camera and.
Immunity
Thymic Selection of the abT Cell RepertoireSPOT Advanced software v.3.5.9 (Diagnostic Instruments, Sterling
Heights, MI).
Supplemental Data
Ten figures are available at http://www.immunity.com/cgi/content/full/
27/5/735/DC1/.
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